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Interplay Between Site Activity and Density of BCC Iron for 
Ammonia Synthesis Based on First-Principles Theory 
Bing-Yan Zhang,[a,e],# Hai-Yan Su,[b],# Jin-Xun Liu,[c] and Wei-Xue Li(s) [d]*  
Abstract: Site activity and density are two key factors in 
determining the overall activity of catalysts in heterogeneous 
catalysis. Combined DFT calculation, Wulff construction and 
micro-kinetic analysis, we reveal here a significant interplay 
between site activity and density of bcc iron catalyzed ammonia 
synthesis at low coverage regime. It is found that Fe (111) and 
(311) surfaces that consist of highly active C7 sites are limited 
by their low site density, whereas those with the most abundant 
sites are limited by their low activity. In contrast, Fe (211), (221) 
and (310) which consist of active C7 and/or B5 sites and remain 
abundant, dominates the overall reaction rate, turn-over-
frequency and mass specific activity. The large Fe particle (>10 
nm) has the turn-over-frequency of 2-3 times higher than the 
small Fe particle (2-6nm), but mass specific activity decreases 
with size due to decrease of the specific surface area. For the 
particle size less than 2 nm, the corresponding activity 
decreases dramatically owing to the disappearance of the active 
C7 and/or B5 sites. Importance of site abundance without 
necessarily being the most active is highlighted, and the insights 
revealed could be used to design and develop better catalysts 
for ammonia synthesis and other important reactions of 
technological interest. 
Introduction 
The synthesis of ammonia from nitrogen and hydrogen is an 
important process for the production of fertilizers, which has 
made huge contribution to world population growth during the 
past century.[1] The industrial importance has motivated a 
considerable scientific interest, and many fundamental concepts 
and techniques in heterogeneous catalysis are developed using 
the reaction as the prototype reaction.[2] The most common 
industrially used catalysts for this process are based on iron and 
ruthenium modified by the promoters, such as potassium etc. [3] 
The ammonia synthesis is a structure-sensitive reaction, as 
first discovered by the variation of turnover number (TON) with 
iron particle size, the small iron particles (1.5nm) having an 
order of magnitude lower TON than the large ones (4nm)  
deposited on magnesia; with increasing iron particle size (30-
150nm), TON increases by 2-3 times compared with 4nm iron 
particles. [4] The particle size effect has been attributed to the 
decrease in the concentration of the active C7 sites (iron atoms 
with seven nearest neighbors) on iron particles with decreasing 
particle size. The advances in surface science techniques and 
first-principles calculations establish a direct link between 
atomistic surface chemistry and catalytic activity, which greatly 
facilitate the understanding of the structure sensitivity.[5] Surface 
science studies using single crystals indicated that the open 
(111) and (211) crystal faces of iron, where the C7 sites exist, 
are the most active for N2 dissociation—the generally believed 
rate determining step for ammonia synthesis. [2b, 6] For ruthenium, 
the B5 sites (ensembles of five Ru atoms involving edge sites) 
have been shown to be the most active sites for N2 dissociation. 
[2d] Theoretically, the intrinsic ammonia synthesis rate of various 
surface sites can be differentiated using a microkinetic 
simulation based on density functional theory (DFT) calculations 
of activation energies and stabilities of intermediates.[7] Norskov 
et al. took a further step to calculate the rate of ammonia 
synthesis over a nanoparticle ruthenium catalyst. [2d] They 
consider the stepped B5 sites as only active sites, and use the 
density of B5 sites to link with the size distribution of ruthenium 
particles supported on magnesium aluminum spinel measured 
by transmission electron microscopy, achieving the calculated 
rate within a factor of 3 to 20 of the measured rate.  
Although the understanding toward structure effect in 
ammonia synthesis has progressed enormously, several 
fundamental questions still need to be settled. For instance, 
besides the well studied (111) and (211) surfaces of body-
centered cubic(BCC) iron and step sites of face-centered cubic 
(FCC) ruthenium, many surface configurations such as specific 
open surfaces can also expose the C7 and B5 sites, respectively. 
Whether the C7 and/or B5 sites are more active for ammonia 
synthesis? Furthermore, the total activity of a catalytic reaction is 
not only related to the intrinsic activity of active sites, but their 
density on the metal nanoparticles. [2d, 8] What are the ratios of 
the exposed surface sites on the metal nanoparticles and how 
do they depend on the particle size? Considering both intrinsic 
activity and density of active sites, which sites are the optimal 
sites amongst other sites exposed? Herein, we choose the BCC 
iron-based catalysts as probe materials, in an effort to address 
these important issues in ammonia synthesis. Combining the 
Wulff construction method with the density functional theory and 
microkinetic analysis, we investigate the intrinsic rate of 
ammonia synthesis on each surface sites exposed over BCC 
iron particles and the variation of the surface ratio of these 
surface sites with particle size from 0.7 nm to 15 nm. We clearly 
isolate the contribution of intrinsic rate of each surface sites and 
their density to the total reaction activity, and identify the optimal 
surface sites with varied particle size. With this understanding, 
we hope that the ammonia synthesis catalysts can be improved 
on the basis of fundamental insight.  
Results and Discussion 
Surface energies and Wulff construction 
By a combination of surface energies (Esurf) calculations and 
Wulff construction, we first studied the morphology of iron 
particle catalyst. The iron facets with miller indices h+k+l ≤ 5 and 
h ≤ 3 are investigated so that numerous iron facets with a large 
diversity in surface structure can be included. Apart from the well 
studied (111) and (211) surface, (221),(311),(310) and (210), 
which can expose C7 and/or B5 sites are also considered in the 
present work. As shown in Table 1 and Figure 1, all the facets 
together with other low-energy facets expose on the Fe crystal 
morphology except (320) surface. The close-packed (110) 
surface has the lowest surface energy Esurf of 2.44 J/m
2, 
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consisting of the largest ratio (S=36%) of total surface area 
simultaneously. Besides (110) surface, the (310) and (211) 
surfaces, with the Esurf of 2.52 and 2.57 J/m
2, respectively, also 
cover a large ratio (28% and 25%) of total surface area. Despite 
the low Esurf (2.53 ~ 2.55 J/m
2), (100) and (210) expose relatively 
little owing to the symmetric influence. Specifically, the two 
surfaces are adjacent to (310) and (110) surface with very large 
S, thereby leading to the reduction in surface area. The (111), 
(221) and (311) surfaces, where the C7 sites are available, only 
expose 5.4% surface area proportion in total due to their higher 
Esurf. Wulff construction suggests that the (211) surface has the 
largest S of all the surfaces that expose C7 sites over the iron 
catalyst. 
 
Figure 1. Equilibrium shape of BCC Fe crystal based on Wulff construction. 
Table 1. Calculated surface energies (Esurf, J/m
2
) and surface area 
proportion (S, %) of various BCC Fe facets. 
(hkl) Esurf S (hkl) Esurf S 
(100) 2.53 4 (221) 2.63 3 
(110) 2.44 36 (310) 2.52 28 
(111) 2.69 0.4 (311) 2.60 2 
(210) 2.55 1 (320) 2.54 / 
(211) 2.57 25    
 
Thermochemistry, reaction barrier and geometry for 
ammonia synthesis 
Having constructed the morphology of the iron particle 
catalyst, we then investigate the ammonia synthesis mechanism 
on all the eight iron surfaces exposed. The elementary steps, 
starting with N2 dissociation and proceeding via sequential 
hydrogen addition to the resulting N atom, are considered here. 
The adsorption energies ∆Eads of the intermediates involved on 
the iron surfaces are listed in Table 2. It is found that N2 and H 
adsorption do not exhibit strong structure dependence, with the 
variation in ∆Eads by 0.30 eV at most. Regardless of these iron 
surfaces, N2 prefers a lying done structure at a 4 or 5-fold hollow 
site, as shown in Figure 2 (the C7 and/or B5 sites are 
highlighted). Compared to N2 in gas phase, with the N-N bond 
length of 1.10 Å, the distance between two N atoms in adsorbed 
N2 is elongated by 0.08-0.21 Å, suggesting that N-N bonds on 
the iron surfaces are activated.  
    
Table 2. Calculated adsorption energy ∆Eads (eV) of various intermediates 
in ammonia synthesis. 
(hkl) EN2 EN ENH ENH2 ENH3 EH EcoNN 
(100) -0.97 -1.66 -5.18 -3.22 -0.55 -0.40 -2.33 
(110) -0.89 -1.23 -5.34 -3.03 -0.48 -0.68 -0.75 
(111) -0.91 -1.15 -4.77 -3.24 -0.85 -0.53 -1.27 
(210) -0.92 -1.36 -5.20 -3.40 -0.72 -0.64 -1.71 
(211) -1.06 -1.03 -4.90 -3.54 -0.72 -0.53 -0.97 
(221) -0.80 -1.17 -5.28 -3.42 -1.02 -0.66 -1.02 
(310) -0.76 -1.42 -5.10 -3.43 -0.71 -0.63 -1.83 
(311) -1.04 -1.24 -5.03 -3.47 -0.86 -0.57 -1.51 
 
Figure 2. Structural information on N adsorption and transition state of N2 
dissociation on BCC Fe facets. C7 and B5 sites are marked in pink and blue. 
NHx (x=0-3) adsorption, however, is more structure sensitive. 
On all the surfaces exposed, the variation of ∆Eads falls in the 
range of 0.51 eV (N) -0.57 eV (NH). N and NH prefer 4-fold 
hollow site on all the surfaces (Figure 2), which can be divided 
into three types including square ((100), (210) and (310) facets), 
rhomboid ((110) and (221) facets) and saddle-like hollow sites 
((111), (211) and (311) facets). The adsorption energy of N and 
NH on the three type sites generally follow the order of square > 
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rhomboid > saddle-like hollow site, with the exception of (311) 
facet, which can be attributed to the surface reconstruction 
caused overestimation of ∆Eads. As the number of H atom (x) 
increases, NHx prefer less coordination with surface iron atoms. 
Specifically, NH2 and NH3 adsorb at the bridge and top sites on 
the iron surfaces, respectively.  
Taking the most stable structure of N2 adsorption as the 
initial state, we studied N2 dissociation on the eight iron surfaces 
exposed. The activation energies ∆Eact, reaction energy ΔH and 
the geometry at the transition state are listed in Table 3. 
Interestingly, all the surfaces that expose C7 sites show rather 
high activity for N2 dissociation; the ∆Eact of (111), (221), (311) 
and (211) slightly differ with each other from -0.35 to -0.45 eV, 
with the order of (111) > (221) = (311) > (211). Compared to the 
four surfaces, (210) and (310) are less active, and the ∆Eact are -
0.16 eV and -0.14 eV, respectively. The (100) and (110) have 
the highest ∆Eact of 0.10 eV and 0.26 eV.  
 
Table 3. The calculated activation energy for N2 dissociation (∆Eact, eV), 
reaction energy (ΔH, eV), the distance between two N atoms (d, Å), 




) in logarithm term and the yield 
contribution ratio (yc, %) with respect to total yield. 
(hkl) ∆Eact ΔH d log r yc 
(100) 0.10 -3.32 1.86 -4.06 0 
(110) 0.26 -2.45 1.72 -2.15 0.3 
(111) -0.45 -2.29 1.68 0.86 1.6 
(210) -0.16 -2.73 1.79 -1.66 0 
(211) -0.35 -2.05 1.79 0.26 35.6 
(221) -0.39 -2.34 1.70 1.53 32.5 
(310) -0.14 -2.84 1.72 0.14 23.1 
(311) -0.39 -2.48 1.79 1.07 6.8 
  
The correlation between the ∆Eact of N2 dissociation and the 
∆Eads of N atoms in separate and co-adsorbed state is plotted in 
the insert in Figure 3. In general, the ∆Eact of N2 dissociation 
decreases with decreasing ∆Eads of N atoms (less negative) in 
separate and co-adsorbed state, in contradict with the traditional 
(Bell-Evans-Polanyi) BEP relation, which will lead to a ∆Eads-
∆Eact relation with negative slope. This can be understood since 
the traditional BEP relation holds well for the surfaces with 
similar initial and transition state configuration. Because the 
gaseous N2 is used as the initial states, the different 
configurations at the transition states on the iron surfaces are 
responsible for the inapplicability of BEP relation. To include the 
effect from the different configurations, we use the surface 
energies Esurf of the iron surfaces to correlate with the ∆Eact of N2 
dissociation. Considering the large complexity of all the iron 
surfaces, a reasonable correlation between Esurf and ∆Eact of N2 
dissociation was demonstrated in Figure 3. The more stable the 
iron surfaces, the higher activation energies of N2 dissociation.   
 Compared to N2 dissociation, NHx (x=0-2) hydrogenation is 
less structure sensitive. As listed in Table 4, the variation of ∆Eact 
falls in the range of 0.25-0.50 eV on the iron surfaces when x 
increases from 0 to 2, less than that (0.71 eV) for N2 dissociation. 
The thermochemistry and activation energy barriers of various 
elementary reactions of ammonia synthesis discussed above 
can be summarized in the energy profile shown in Figure 4. Our 
results agree well with previous study on Ru surfaces in the 
sense that ammonia synthesis undergoes two strong exothermic 
steps [2d] (N2 and H2 dissociation), followed by a serious of 
endothermic steps for NHx hydrogenation (x=0-2); N2 
dissociation has the highest transition state energies on the 
whole energy profile. 
 
Figure 3. The calculated surface energies (Esurf) of BCC Fe surfaces as a 
function of activation energies (∆Eact, relative to gaseous N2) for N2 
dissociation (red). The insert figure shows the calculated N adsorption 
energies in separate (blue, E(N)) and co-adsorbed state (pink, E(co-NN)) as a 
function of ∆Eact. 
Table 4. Calculated activation energy (ΔEact, eV) and reaction energy (ΔH, 
eV) for three hydrogenation steps. 
(hkl) N + H  NH NH + H  NH2 NH2 + H  NH3 
ΔEact ΔH ΔEact ΔH ΔEact ΔH 
(100) 1.24 0.47 1.29 0.31 1.24 0.44 
(110) 1.29 0.15 1.36 0.94 1.39 0.61 
(111) 1.04 0.50 0.94 0.01 1.27 0.30 
(210) 1.18 0.40 1.30 0.39 1.63 0.70 
(211) 1.53 0.24 0.92 -0.16 1.34 0.72 
(221) 1.34 0.14 1.42 0.47 1.30 0.45 
(310) 1.24 0.54 1.13 0.26 1.49 0.73 
(311) 1.27 0.37 1.25 0.08 1.38 0.57 
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Figure 4. The energy profile for NH3 synthesis over eight exposed BCC Fe 
surfaces. The molecules in red are in gas phase. 
Microkinetic model 
Based on the DFT calculated potential energy surfaces 
above, a microkinetic simulation was conducted at typical 
ammonia synthesis condition (700K, 100bar, N2:H2:NH3 = 
1:3:0.01) using a full microkinetic model of MKMCXX package.[9] 
To better compare the relative difference of intrinsic reactivity of 
various iron facets, the reaction rate relative to (100) facet is 
shown in Figure 5 (see Table 3 for more details), which follows 
the order of (221) > (311) > (111) > (211) > (310) > (210) > (110), 
with 5.59, 5.13, 4.92, 4.32, 4.19, 2.40 and 1.90 orders of 
magnitude higher than (100) facet, respectively. The calculated 
reactivity trend was in good agreement with the experimental 
results [2b] that (111) and (211) have reaction rate higher than 
(210) and (110) facets. Besides the C7 sites on (111) and (211) 
reported by previous experimental studies, we find another two 
active C7 sites on (221) and (311), together with one active B5 
site on (310), and all the sites are very active for ammonia 
synthesis. 
Apart from the intrinsic activity, the number of active sites 
available also has a significant influence on the total reaction 
activity. We thus define the facet yield contribution ratio     : 
                             ⁄   (4) 
ri, Si, Ai were reaction rate, surface area proportion and (1×1) 
active site area of facet i, respectively. The larger      value a 
surface possesses, the larger it contributes to the total reactivity. 
As listed in Table 3, (211), (221) and (310) facet shows the 
largest      based on the consideration of both intrinsic activity 
and the number of active sites available, dominating 91.2% of 
the total yield. The remaining facets are limited by either low 
intrinsic activity, such as (110), (100) and (210), or by the low 
number density of active sites, such as (111) and (311). 
Interestingly, of all the surfaces that expose C7 sites and/or B5 
sites, the least active (211) and (310) act as the optimal active 
sites. These results indicate that the density of active sites can 
play a key role when the surfaces have close intrinsic activity. In 
our previous work, [8] the important role of density of active sites 
in Ru catalyzed Fischer-Tropsch synthesis has been identified. 
Although the lowest CO dissociation barrier of (face-centered 
cubic) FCC Ru remains higher than that of HCP Ru, is site 
abundance by more than two orders of magnitude leads the 
corresponding mass specific activity three times higher. 
Inorganic synthesis of specific morphology that expose more 
active sites, identified as desired catalysts by first principles, is 
expected to improve catalytic activity for ammonia synthesis. 
 
 
Figure 5. The calculated reaction rate over per active site based on Wulff 
construction morphology. 
Particle size effect of iron based ammonia synthesis 
It has been identified that the large iron particles, with the 
particle size of 30-150nm, have 2-3 times and an order of 
magnitude higher TON than the small iron particles (4nm and 
1.5nm) in ammonia synthesis. [4a, 4b] The particle size effect has 
been ascribed to the decrease in the ratio of the active sites on 
iron particles with decreasing the particle size. However, it 
remains unclear how the structures of iron catalysts, particularly 
those of iron surfaces exposing C7 and/or B5 sites, depend on 
particle size, which calls for a fundamental understanding at the 
atomic level. 
 
Figure 6. BCC Fe particle structures with particle size varying from 0.7nm to 
15nm. 
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To provide insights into this question, BCC iron particles with 
increasing size from 0.7nm to 15nm were built based on Wulff 
construction, as shown in Figure 6. At a small particle size of 
1.5nm, only the close-packed (110) and (100) surface with 145 
iron atoms in total is exposed. As the particle size increases, 
more and more active surfaces appear in the morphology of iron 
catalyst. For instance, (211), (310), (221) and (111) & (311) 
become available when the particle size is larger than 2nm, 5nm, 
10nm and 15nm, respectively. The (210) surface that can be 
exposed on the larger iron particle surface as discussed above, 
is not be observed in the particle size range (0.7-15nm) studied. 
The size dependent morphology can be due to the effect of both 
surface area ratio and crystallographic symmetry.Having 
identified the morphology of iron catalyst at different particle size, 
we then investigate the activity of ammonia synthesis on the iron 
particles. Based on the reaction rate on each facet exposed, we 
calculated the overall reaction rate r, turnover frequency (TOF) 
and mass specific activity (MSA) as a function of particle size in 
Figure 7. The activity of Fe particles can be given by: 
                 (5) 
                         (6) 
                              (7) 
where ni and ri are the number of active sites and reaction rate 
(Eq.3) for facet i, N is the total number of atom in a given particle. 
Note that no migration or diffusion of surface species between 
the facets is considered in the assessment of Fe particle activity.  
It can be seen that the total reaction rate, TOF and MSA 
exhibit similar trend with the particle size, which can be divided 
into three stages. The activity of ammonia synthesis decreases 
sharply for iron particle size below 2.3nm. At larger particle sizes 
(2.3-6nm), the overall reaction rate, TOF and MSA increases 
dramatically and varies with different trend with size. With 
increasing particle size, the total reaction rate (Figure 7a) 
increases slightly; the TOF (Figure 7b) keeps almost constant, 
and the MSA (Figure 7c) decreases slightly. The similar reaction 
activity performance also shows in the larger particles (6-15nm), 
but with a higher reaction activity.  
Figure 8 shows the yield of each facet relative to total yield 
as a function of iron particle size. It is found that the high yield of 
(211), (310) and (221) facet predominate the total yield when the 
particle size is larger than 6nm, and thereby resulting in the 
unchanged TOF. The slight increase in the overall reaction rate 
with particle size mainly originates from increase of the number 
of active sites. However, the decrease in the specific surface 
area is responsible for the decrease in MSA with particle size. 
Because of the disappear of (221) site, which has the highest 
intrinsic activity, the smaller particles with size various from 
2.3nm to 6nm show lower TOF. For particle size smaller than 
2nm, exposed (100) and (110) mainly contribute to the overall 
reactivity, and their lower intrinsic activity limits the overall 
reactivity at this range of size. The calculated TOF values 
(Figure 7b) are in excellent agreement with previous 
experimental findings, in which the large iron particles (>6nm) 
have 2-3 times and an order of magnitude higher TOF than the 
small iron particles (2-6nm and <2nm). 
 
Figure 7. The calculated (a) the overall reaction rate (r, s
-1









) as a 
function of particle size on BCC Fe particles.  
 
Figure 8. The yield contribution ratio of 8 exposed surfaces at various size of 
BCC Fe particles for ammonia synthesis. 
So far, the discussions of structure sensitivity for iron-based 
ammonia synthesis primarily focus on the intrinsic activity. The 
iron (111) and (211) surfaces, where the C7 sites are available, 
have been shown to be more active than the close packed 
surfaces for ammonia synthesis. In the present work, we identify 
another two C7 sites on (311) and (221) and one B5 site on 
(310), which are also very active. In this case, the density of 
active site is crucial in determining which surface sites dominate 
the overall reaction activity. The combination of DFT calculation, 
Wulff construction and micro-kinetic analysis enables to 
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differentiate the contribution of intrinsic activity and density of 
active sites to the total reaction activity. We show here that the 
(211), (310) and (221) surface dominate the total reaction 
activity for iron particles larger than 6nm, which also lead to the 
constant TOF at this size range. However, with the missing of all 
C7 sites at smaller particle size (<2nm), the TOF values are 
substantially reduced compared to those at larger particle size. 
The isolation of the contribution of intrinsic activity and density of 
active sites by theoretical method can guide material synthesis 
with desirable morphology. With the development of material 
synthesis methods, we hope that the ammonia synthesis 
catalysts can be improved based on the fundamental 
understanding.  
Finally, Wulff construction which can be used to study the 
particle morphologies under thermodynamic equilibrium 
conditions, will do not apply for those under out-of-equilibrium 
conditions. Furthermore, the energy contribution due to edge 
and corner atoms is ignored in Wulff construction, which may 
lead to the deviation of particle morphology from real case, 
particularly for the smaller particles. Several recent works 
considered the important factors and employed a modified 
broken bond model and the embedded atom model to simulate 
explicitly the morphology of Co nanoparticles,[10] which should be 
applied similar for iron nanoparticles in future. On the other hand, 
the present work only focuses on the low coverage regions, and 
the coverage and lateral interaction could have pronounced 
influence on the structural sensitivity and size effect. Once the 
potential energy surface on individual facet exposed and 
corresponding intrinsic activity derived for instance by 
microkinetics program at higher coverage are available, the 
developed framework in the present work together with site 
percentage could be applied, and the resulted activity could be 
compared directly to the experiments.   
Conclusions 
Combined DFT calculation, Wulff construction and micro-
kinetic analysis, we present a theoretical study of ammonia 
synthesis on the BCC iron catalysts at the low coverage regime. 
The effect of intrinsic activity and the density of active sites on 
overall reaction activity are differentiated, and their dependence 
on particle size is also addressed. It is found that Fe (111) and 
(311) surfaces that consist of highly active C7 sites are limited 
by the low surface area proportion exposed, whereas those with 
highest surface area proportion exposed, such as Fe (110) and 
(310) are limited by their low intrinsic activity. Fe (211), (310) 
and (221) surface, which consist of active C7 and/or B5 sites 
and remain abundant, dominates the overall reactivity when iron 
particles are larger than 6nm, leading to the stable turn-over-
frequency and 2-3 times higher than the particles in size 2.3-
6nm due to the most active (221) surface disappears in this size 
range. At smaller particle size (<2nm), however, the reactivity is 
substantially reduced because only the facets with the lower 
intrinsic activity are exposed. This work highlights the impact of 
density of active sites and particle morphology in catalytic 
reactions, and the fundamental understanding achieved can 
potentially be used to design and develop improved catalysts for 
ammonia synthesis and other important reactions of 
technological interest. 
Computational methods and models 
All the spin-polarized density functional theory (DFT) calculations 
were carried out using Projector augmented wave (PAW) potentials[11] 
and generalized gradient approximation (GGA) with Perdew-Burke-
Ernzerhof (PBE) exchange-correlation functions[12], implemented in 
Vienna ab initio simulation package (VASP)[13]. The kinetic-energy cutoff 
of 400 eV was used to expand the electronic wave functions.  Calculation 
of bulk BCC Fe (α-Fe) with a k-point mesh[14] of 10×10×10 gives an 
equilibrium lattice constant of 2.832 Å and a local spin magnetic moment 
of 2.185 μB, which are in good agreement with previous calculation
[15] 
and experiment[16].  For surface energy calculations of BCC Fe (100), 
(110), (111), (210), (211), (221), (310), (311) and (320), the p(1×1) slab 
models with clean facet thickness of ~20 Å separated by a vacuum layer 
of 15 Å were used. The density of k-points was set at ~0.03 Å-1, as 
12×12×1 k-point sampling for (100) surface. The equilibrium shape of 
BCC Fe crystal and various sized particles of BCC Fe can be constructed 
with these calculated surface energies in VESTA software package[17] 
using Wulff construction method[18]. In our calculations, surface energy is 
determined from the relation Esurf = (Eslab − N×Ebulk)/2A, where Eslab is the 
total energy of the slab and N×Ebulk is the total energy of the number of N 
bulk Fe atoms in the slab. A is surface area and the factor 2 accounts for 
the presence of two surfaces. All adsorptions of reaction intermediates 
(N2*, N*, H*, NH*, NH2* and NH3*) and transition states (N-N, N-H, HN-
H and H2N-H) involved in synthesis ammonia were calculated with the 
p(2×2) slab models. A p(3x3) slab is used to calculate NH2* 
hydrogenation to NH3* on close-packed Fe (110), and an activation 
energy differing of 0.08 eV only from p(2x2) slab is found, which 
suggests that the p(2×2) slab is sufficient for the present study. The facet 
thickness was set to ~10 Å separated by a vacuum layer of 15 Å with 
~0.04 Å-1 k-point density. The transition states of N2 decomposition and 
hydrogenation steps were verified by improved force reversed method[19]. 
The reaction rate was calculated by a full microkinetic model of  
MKMCXX package. [9] 
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Comparing to Fe(111) with the high activity and smallest area and Fe(110) with 
largest area and low activity, Fe(211), (310) and (221) which consists of C7 and/or 
B5 sites and remains abundant, dominates the overall reactivity of the particles 
larger than 6nm. With particle size below 2nm, the TOF dramatically lower due to 
the disappear of the active C7 and B5 sites. 
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